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Abstract 

We  have  introduced  defects  in  ZnO  epitaxial  thin  films  by  swift  heavy  107Ag9+  ion  irradiation  and  investigated  systematically  their 
magnetic,  electrical  and  optical  properties.  Oxygen  annealed  ZnO  films  are  epitaxial  single  crystals  that  exhibit  no  long-range  magnetic 
order.  However,  in  this  paper  it  is  shown  that  room- temperature  ferromagnetism  (RTFM)  can  be  introduced  in  a  controlled  manner  in 
these  films  using  ion  irradiation  and  that  the  magnetization  increases  with  ion  dose.  This  qualitatively  agrees  with  earlier  studies  which 
showed  that  RTFM  could  be  induced  in  ZnO  films  through  either  vacuum  thermal  annealing  or  pulsed  laser  annealing  below  energy 
densities  that  lead  to  melting.  Raman  studies  of  the  ion  irradiated  samples  revealed  dramatic  changes  in  the  vibration  modes  that  cor¬ 
related  with  increases  in  the  carrier  concentration,  indicative  of  lattice  disorder  and  defect  creation.  We  compare  these  results  with  those 
observed  in  laser  irradiated  and  vacuum  annealed  samples,  and  then  discuss  these  findings  in  the  context  of  defects  and  defect  complexes 
created  during  the  high-energy  heavy  ion  irradiation  process.  We  propose  a  unified  mechanism  to  explain  RTFM  and  n-type  conductivity 
enhancements  during  irradiation,  and  laser  and  vacuum  annealing. 
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1.  Introduction 

Recently,  room  temperature  d°  ferromagnetism 
(RTFM)  has  been  widely  reported  in  different  ZnO  nano¬ 
structures  lacking  any  intentional  magnetic  doping  [1-3]. 
This  unconventional  ferromagnetism  has  also  been  found 
in  other  undoped  metal  oxides,  such  as  Hf02,  Ti02,  Sn02 
and  ln203  [4,5].  The  origin  of  ferromagnetism  and  the 
mechanism  which  provides  some  degree  of  three-dimen¬ 
sional  (3-D)  ferromagnetic  ordering  in  these  oxides  is  not 
clear  at  this  moment.  However  there  is  a  growing  consen¬ 
sus  that  the  ferromagnetism  in  undoped  ZnO  is  directly 
linked  to  material  imperfections,  including  poor  crystalline 
quality,  strain,  grain  boundaries  and  intrinsic  defects, 
namely  oxygen  vacancies  (Vo),  zinc  vacancies  (Vzn)  and 
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zinc  interstitials  (IZn)-  To  date,  RTFM  has  been  induced 
in  undoped  ZnO  powder  by  application  of  mechanical 
deformation  [6],  and  by  laser  irradiation  or  vacuum  anneal¬ 
ing  of  the  films  [7,8]. 

It  is  envisaged  that  RTFM  and  changes  in  n-type  con¬ 
ductivity  are  caused  by  defects  introduced  during  these 
treatments.  Recent  ab  initio  calculations  have  suggested 
that  the  magnetic  moment  may  arise  from  the  unpaired 
2p  electrons  at  the  O  sites  surrounding  the  zinc  vacancy 
with  each  nearest-neighbor  O  atom  carrying  a  magnetic 
moment  ranging  from  0.49  to  0.74  pB  [9].  The  source  of 
n-type  conductivity  in  ZnO  has  been  attributed  to  oxygen 
vacancy-hydrogen  [10],  and  oxygen  vacancy  and  zinc  inter¬ 
stitial  (Vo-Izn)  complexes  [11]. 

In  this  paper,  we  have  introduced  defects  uniformly 
throughout  the  thickness  of  the  films  using  swift  heavy 
ion  (SHI)  irradiation.  Here  the  ion  energy  of  107Ag9+  is 
300  MeV,  for  which  electronic  stopping  (20  keV  nm-1) 
dominates  over  the  nuclear  stopping  (0.03  keV  nm-1). 
Under  these  conditions,  the  ion  energy  losses  are  primarily 
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due  to  electronic  excitations  that  couple  with  phonons  to 
dissipate  their  energy  as  heat  with  relaxation  times  on  the 
order  of  picoseconds.  We  compare  these  results  with  previ¬ 
ous  pulsed  laser  annealing  and  vacuum  annealing  studies, 
which  are  expected  to  introduce  nonhomogeneous  defect 
profiles,  and  find  that  they  are  mutually  consistent  with  a 
defect-induced  RTFM  mechanism. 

2.  Experimental  approach 

ZnO  thin  films  ~1  pm  thick  have  been  deposited  onto 
single  crystal  c-plane  sapphire  substrates  in  a  pulsed  laser 
deposition  system  using  a  KrF  excimer  laser  (2  =  248  nm, 
t  =  25  ns)  with  a  pulse  energy  density  of  3-4  J  cm-2  at  a 
repetition  rate  of  10  Hz.  The  films  were  grown  at  550  °C 
and  under  an  oxygen  partial  pressure  of  10-5  Torr.  Oxygen 
annealing  was  then  performed  at  700  °C  for  1  h  under 
760  Torr.  Finally,  the  epitaxial  ZnO  thin  films  were 
irradiated  using  300  MeV  107Ag9+  ions  of  1012  and  1013 
ions  cm-2  dose  at  the  Inter  University  Accelerator  Centre 
Facility  in  New  Delhi,  India.  Details  of  the  growth  and 
characterization  have  been  reported  previously  [8].  Optical 
transmission  measurements  were  made  using  a  Hitachi 
Spectrophotometer.  The  magnetization  measurements 
were  performed  using  an  alternate  gradient  magnetometer 
(AGM)  (Princeton  Applied  Research).  The  resolution  of 
the  AGM  is  on  the  order  of  1.0  nano-emu,  which  is 
approximately  three  orders  of  magnitude  more  sensitive 
to  the  magnetic  moments  of  the  samples  that  were  mea¬ 
sured  in  the  current  study.  As  a  matter  of  fact  the  authors, 
in  their  previous  investigations,  did  carry  out  the  field-  as 
well  as  the  temperature-dependent  magnetization  measure¬ 
ments  extensively  on  doped  and  undoped  ZnO  thin  films 
using  both  (i)  a  vibrating  sample  magnetometer  (VSM)  in 
conjunction  with  a  physical  property  measurement  system 
(PPMS)  and  SQUID  magnetometers  (Quantum  Design). 
The  measured  magnetic  moments  for  Co-doped  ZnO 
and  undoped  ZnO  films  are  in  range  of  5.0  x  10-5- 
5.0  x  10“6  emu  cm-3  after  subtracting  the  diamagnetic 
contribution  arising  due  to  the  sapphire  substrates  care¬ 
fully  and  the  same  were  published  previously  [7,8]. 

3.  Results  and  discussion 

During  ion  irradiation,  the  deposition  of  a  large  amount 
of  energy  to  the  lattice  occurs  on  the  order  of  picoseconds 
through  both  nuclear  (Sn)  and  electronic  (Se)  energy  loss 
mechanisms.  The  Sn  for  300  MeV  107Ag9+  ions  in  ZnO  is 
0.03  keV  nm-1,  while  the  Se  is  20  keV  nm-1,  as  calculated 
from  SRIM-2008  calculations  [12].  Fig.  1  shows  that  the 
nuclear  stopping  mechanism  dominates  only  at  lower 
energy  (<3  MeV),  whereas  the  electronic  stopping  mecha¬ 
nism  dominates  at  the  higher  energies  used  in  this  study. 
The  nuclear  stopping,  which  is  an  elastic  process,  creates 
vacancies  and  interstitials  through  the  transfer  of  energy 
to  the  target  lattice  that  results  in  atomic  displacements 
in  the  form  of  Frankel  defects  in  the  form  of  zinc  vacancy 


Fig.  1 .  Nuclear  and  electronic  stopping  powers  and  projected  range  as  a 
function  of  energy  of  107Ag9+  ions.  The  inset  shows  the  schematic  of  the 
thin  film  heterostructure  and  normal  incidence  of  ions. 


and  zinc  interstitial  (VZn-IZn)  and  oxygen  vacancy  and 
interstitial  (Vo-IQ)  pairs.  On  the  other  hand,  the  inelastic 
electronic  stopping  process  transfers  a  large  amount  of 
energy  to  the  ZnO  lattice  through  electron-photon  interac¬ 
tions.  According  to  the  thermal  spike  model,  the  tempera¬ 
ture  in  a  narrow  cylindrical  zone  of  ~10  nm  around  the  ion 
tracks  increases  to  temperatures  in  excess  of  the  melting 
point  of  ZnO  [13].  The  rise  in  temperature  is  followed  by 
a  rapid  thermal  quenching  (~1014  K  s-1),  resulting  in  non¬ 
equilibrium  thermodynamic  processes  that  can  create  point 
defects  like  oxygen  and  zinc  vacancies  and  interstitials.  The 
electronic  excitations  are  also  known  to  cause  breaking  of 
chemical  bonds  due  to  the  collisions  between  ions  and  elec¬ 
trons  [12,13]  at  high  ion  fluencies  such  as  those  used  in  our 
study  (1012  and  1013  ions  cm-2).  It  can  be  seen  from  Fig.  1 
that  the  projected  range  of  penetration  for  the  swift  heavy 
ions  is  much  more  than  the  thickness  of  the  ZnO  films. 
Thus,  the  effect  of  the  ion  irradiation  is  expected  to  be  uni¬ 
form  across  the  whole  thickness  of  the  film  and  directly 
proportional  to  the  dose.  This,  in  fact,  is  the  unique  distinc¬ 
tion  of  ion  irradiation  over  other  processing  treatments, 
e.g.  thermal  annealing  or  laser  irradiation,  where  condi¬ 
tions  at  the  surfaces  could  be  quite  different  from  the  bulk 
of  the  film  [14,15]. 

Fig.  2  shows  X-ray  diffraction  characterization  (20- 
intensity  scan)  of  oxygen  annealed  and  ion  irradiated 
ZnO  films  at  different  doses  of  1012  and  1013  ions  cm-2. 
The  XRD  pattern  shows  that  the  films  are  highly  textured 
with  a  oaxis  preferred  orientation.  The  epitaxial  nature  of 
these  films  was  established  by  cp-scans  and  cross-section 
TEM  as  shown  in  Fig.  3.  It  can  also  be  seen  that  there  is 
no  substantial  change  in  the  (002)  diffraction  peak  position 
and  the  peak  width.  However,  the  intensity  of  the  peak 
slightly  decreased  in  the  case  of  the  sample  exposed  to 
the  higher  ion  dose  (1013cm-2),  indicating  a  very  slight 
degradation  of  crystalline  quality  upon  ion  irradiation. 
The  ion  tracks  were  not  observed  in  the  high-resolution 
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Fig.  2.  X-ray  diffraction  patterns  of  oxygen  annealed  and  oxygen 
annealed  followed  by  ion  irradiated  films  at  different  doses. 


Fig.  3.  High-resolution  transmission  electron  micrograph  of  ZnO/sap- 
phire  interface  of  the  sample  irradiated  at  1013  ions  cm-2  dose.  The  inset 
shows  the  selected  area  diffraction  pattern. 


transmission  electron  micrograph,  as  shown  in  Fig.  3.  The 
HRTEM  micrograph  suggests  that  long-range  order  is 
fully  maintained  and  defects  such  as  dislocations  and  grain 
boundaries  are  not  introduced  by  ion  irradiation.  However, 
the  point  defects  and  their  clusters  are  introduced  which 
cannot  be  detected  by  HRTEM. The  X-ray  diffraction  stud¬ 
ies  and  HRTEM  proved  to  be  relatively  insensitive  to 
atomic  level  disorder.  Therefore,  Raman  spectroscopy 
was  used  to  gain  further  insight  on  the  nature  of  the  defects 
present  in  the  samples.  The  wurtzite  ZnO  crystals  belong  to 
the  space  group  C46y.  Group  theory  predicts  that  for  h- ZnO 
there  are  six  optical  phonon  modes,  Ax  +  2 Bx  +  Ex  +  2E2 , 
at  the  T-point  of  the  Brillouin  zone.  The  polar  Ax  and  Ex 
modes  and  two  nonpolar  E2  modes  (E^  and  E1™)  are 
Raman  active,  while  the  Bx  modes  are  Raman  inactive 


[16].  Unpolarized  Raman  spectra  collected  under  a  back- 
scattering  geometry  are  presented  in  Fig.  4.  The  six  peaks 
marked  by  asterisks  at  378,  418,  438,  451,  578  and 
604  cm-1  originate  from  the  sapphire  substrate.  In  the 
undoped  oxygen  annealed  (700  °C,  1  h)  ZnO  film  only 
Eh2gh  and  a  second  order  phonon  of  2E1™,  at  ~432  and 
~330  cm-1  respectively,  are  observed.  The  most  significant 
features,  however,  of  the  results  presented  in  Fig.  4  are  the 
appearance  of  two  silent  Raman  modes  and  a  drastic 
change  in  the  intensity  and  broadening  of  the  E2  peaks  in 
films  subjected  to  ion  irradiation.  The  two  silent  Raman 
modes  [17]  centered  at  260  (B[ow)  and  552  cm-1  (B\lgh)  are 
attributed  to  disorder-activated  Raman  scattering  pro¬ 
cesses  associated  with  the  breakdown  of  the  translational 
crystal  symmetry  that  has  been  induced  by  the  presence 
of  defects.  The  spectra  of  the  irradiated  films  show  that 
the  intensity  of  the  mode  decreases  drastically  upon 
irradiation  at  1012  cm-2  fluence  and  disappears  completely 
at  1013  cm-2.  In  addition  to  the  suppression  of  the 
mode,  it  is  also  observed  that  the  2El™  mode  centered  at 
330  cm-1  shows  higher  intensity  in  the  irradiated  films. 
Finally,  it  is  found  that  the  E^  mode  disappears  in  vac¬ 
uum  annealed  samples.  The  E^gh  and  El™  modes  are  asso¬ 
ciated,  respectively,  with  the  oxygen  and  zinc  sublattice 
[12],  thus  shifts  in  the  intensity  of  the  E^8*1  and  El™  modes 
would  be  consistent  with  large  shifts  in  the  concentrations 
of  oxygen  and  zinc  vacancies  and  interstitials.  The  ^(LO) 
mode  at  576  cm-1  is  not  clearly  seen,  likely  because  it  par¬ 
tially  overlaps  with  a  strong  sapphire  Eg  mode  at  578  cm-1. 
However,  after  Gaussian  fitting  for  two  peaks  centered  at 
576  and  578  cm-1,  it  can  be  shown  that  the  intensity  of 
^(LO)  component  increases  in  intensity  following  ion  irra¬ 
diation,  which  can  be  clearly  seen  from  the  broadening  of 
the  left  shoulder  of  the  peak  of  the  irradiated  films. 
Previously,  it  has  been  reported  that  the  ^4i(LO)  mode  is 
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Fig.  4.  Raman  spectra  of  oxygen  annealed,  ion  irradiated  and  oxy¬ 
gen  +  vacuum  annealed  ZnO  thin  films.  The  peaks  marked  by  asterisks  (*) 
originate  from  the  sapphire  substrate. 
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affected  by  the  presence  of  defects  [13].  Hence,  the  Raman 
studies  confirm  that  the  swift  ion  irradiation  treatment,  and 
to  a  much  lesser  extent  vacuum  annealing,  introduces  dis¬ 
order  into  the  films,  which  certainly  includes  large  concen¬ 
trations  of  intrinsic  point  defects  associated  with  the 
oxygen  and  zinc  sublattices. 

Optical  transmission  spectra  were  measured  for  the  oxy¬ 
gen  annealed  films  (before  ion  irradiation)  and  then  again 
after  the  films  had  been  irradiated  with  1012  and 
1013  ions  cm-2.  The  bandgap  of  the  alloys  was  determined 
using  Tauc  plots.  The  absorption  coefficient,  for  direct 
interband  transitions,  is  given  by  the  relation  (a hv)  = 
A0(hv  —  Eg)l/2,  where  hv  is  the  photon  energy,  Eg  is  the  band- 
gap  and  A0  is  a  parameter  associated  with  the  transition 
probability.  The  absorption  coefficient  a  is  obtained  by 
using  the  relation  oc  =  —(1/d)  ln(T),  where  T is  the  transmit¬ 
tance  and  d  is  the  thickness  of  the  film.  Fig.  5  shows  the  plots 
of  (a hv)2  vs.  hv  of  the  ZnO  films  before  and  after  ion  irradi¬ 
ation.  Band  gap  narrowing  is  observed  in  the  ion  irradiated 
samples,  which  can  be  attributed  to  lattice  disorder,  defect 
creation  and  a  higher  carrier  concentration. 

Magnetic  and  transport  measurements  were  performed 
on  the  ZnO  thin  films  at  the  different  stages  of  processing. 
The  diamagnetic  contribution  of  the  sapphire  substrate,  as 
denoted  by  the  slope  of  the  data  at  high  fields,  has  been 
subtracted  from  the  magnetization  data.  The  ZnO  films 
grown  at  550  °C  and  under  a  low  oxygen  partial  pressure 
of  10-5  Torr  show  room  temperature  ferromagnetism  with 
a  saturation  moment  (Ms)  of  ~1.7  emu  cm-3  and  coerciv- 
ity  (Hc)  of  ~150  Oe.  Following  the  oxygen  anneal  at 
700  °C  for  1  h  they  became  non-magnetic,  as  shown  in 
Fig.  6a.  The  free  carrier  concentration  of  as-grown  films 
is  ^1019  cm-3,  whereas  the  oxygen  annealed  films  show  a 
concentration  of  ~1015cm-3.  Ferromagnetic  ordering  can 
be  restored  to  the  non-magnetic  ZnO  films  by  using  either 
swift  heavy  ion  irradiation  or  vacuum  annealing,  as  seen  in 
Fig.  6a  and  b,  respectively.  It  is  important  to  point  out  here 
that  the  same  sample  was  used  in  both  the  oxygen  anneal- 
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Fig.  5.  Plots  of  (a/zv)2  vs.  hv  for  the  oxygen  annealed  (before  irradiation) 
and  ion  irradiated  films. 


ing  and  ion  irradiation  experiments.  The  film  which  has 
been  irradiated  with  a  higher  dose  (1013  ions  cm-2)  shows 
slightly  higher  saturation  moments  and  coercivity.  Ion  irra¬ 
diation  at  a  1013  cm-2  dose  also  results  in  an  increase  in  the 
carrier  concentration  from  1015  to  10 17  and  a  decrease 
in  resistivity  from  ~870  Q  cm  to  ~6  Q  cm.  This  is  attrib¬ 
uted  to  the  incorporation  of  the  shallow  donor  level 
induced  by  a  Vo-Izn  defect  complex  [18].  In  comparison 
to  ion  irradiation  processing,  previously  reported  laser  irra¬ 
diation  treatments  using  a  UV  excimer  laser  had  a  much 
greater  effect  on  the  electrical  properties,  e.g.  reaching  car¬ 
rier  concentrations  of  ~1019  cm-3  after  exposure  to  a  few 
laser  pulses  [7].  Saturation  magnetization  and  coercivity 
showed  similar  trends,  i.e.  both  increased  with  an  increase 
in  ion  dose  or  number  of  laser  pulses,  at  least  up  to  fairly 
large  doses.  Ferromagnetism  can  also  be  obtained  by  vac¬ 
uum  annealing  of  the  non-magnetic  (oxygen  annealed) 
ZnO  films.  Fig.  6b  shows  the  room  temperature  hysteresis 
loops  of  the  ZnO  film  which  was  first  annealed  in  oxygen 
and  then  in  vacuum  to  introduce  ferromagnetism.  It  can 
be  seen  that  vacuum  annealing  for  longer  time  results  in 
higher  Ms  and  Hc.  The  primary  effect  of  vacuum  annealing 
would  be  the  creation  of  oxygen  and  zinc  vacancies  and 
interstitials;  longer  annealing  times  at  high  temperature 
(800  °C)  would  lead  to  higher  concentrations  of  these 
defects  in  the  bulk  film,  which  leads  to  enhanced  ferromag¬ 
netism.  Carrier  concentration  also  increases  by  almost  one 
order  of  magnitude  when  the  annealing  time  is  increased  to 
8  h. 

In  our  experience,  the  onset  of  ferromagnetism  in  ZnO 
films,  be  it  by  laser  irradiation,  ion  irradiation  or  vacuum 
annealing  treatments,  is  always  accompanied  by  n-type 
conductivity.  However,  no  direct  linear  correlation 
between  free  carrier  concentration  and  saturation  moments 
seems  to  exist.  For  example,  we  have  observed  a  strong 
temperature  dependence  of  free  carrier  concentration  in 
undoped  ZnO  films,  but  find  that  the  Ms  remains  relatively 
temperature  independent  over  the  temperature  range  of 
10-300  K  [8].  Similarly  doping  with  up  to  5%  Al  (n  type) 
does  not  significantly  affect  the  ferromagnetism,  even 
though  it  increases  the  carrier  densities  by  more  than  three 
orders  of  magnitude,  rising  from  1  x  10 17  to 
1.5xl020  cm-3  [19].  This  lack  of  direct  correlation 
between  delocalized  free  carriers  and  saturation  moments 
suggests  that  ferromagnetism  does  not  arise  from  an  itiner¬ 
ant  mechanism  in  these  undoped  systems.  Rather,  the  pres¬ 
ent  study  strongly  suggests  the  existence  of  a  direct 
correlation  between  the  presence  of  defects  in  the  ZnO, 
most  likely  oxygen  vacancies  and  their  complexes  and 
ferromagnetism. 

We  propose  that  ion  and  laser  irradiation  introduces  a 
large  concentration  of  vacancy  and  interstitial  defects  in 
zinc  and  oxygen  sublattices  that  explain  both  the  n-type 
conductivity  and  ferromagnetism.  Zinc  vacancies  are  deep 
acceptors  and  give  rise  to  very  little  p-type  conductivity. 
The  oxygen  interstitials,  which  can  have  low  migration 
energy  depending  upon  their  lattice  location  (tetrahedral 
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Fig.  6.  (a)  Room  temperature  M-H  hysteresis  curves  of  ZnO  films  annealed  in  oxygen  and  300  MeV  107Ag9+-irradiated  at  1012  and  1013  ions  cm  2  dose, 
(b)  M-H  hysteresis  loops  of  ZnO  films  annealed  in  vacuum  (10-5  Torr,  800  °C)  for  different  times. 


or  octahedral  sites),  are  expected  to  anneal  out  quickly.  We 
postulate  that  the  V0-IZn  defect  complexes  are  the  source 
of  the  observed  n-type  conductivity,  consistent  with  the 
prediction  by  Kim  and  Park  from  their  ab  initio  calcula¬ 
tions  [18].  Zinc  interstitials  are  reported  to  have  low  migra¬ 
tion  energy,  ~0.5  eV  [20]  and  therefore  are  able  to  diffuse 
rapidly  in  the  matrix  and  pair  up  quickly  with  oxygen 
vacancies  to  form  shallow  donor  states  that  lead  to  n-type 
conductivity  [20].  We  believe  that  defects  can  also  explain 
the  existence  of  ferromagnetism.  It  is  reported  that 
unpaired  2 p  electrons  at  the  O-sites  surrounding  a  zinc 


vacancy  will  introduce  a  magnetic  moment  on  the  order 
of  0.5  pB  [9].  A  bound  magnetic  polaron  (BMP)  then  pro¬ 
vides  for  long-range  exchange  coupling  of  the  magnetic 
moments  that  result  in  ferromagnetism.  This  BMP  arises 
from  charged  oxygen  vacancies  or  Vo-Izn  defect  complexes 
that  trap  carriers  (electrons)  and  have  the  potential  to 
adopt  a  triplet  ground  state  configuration  that  can  couple 
nearby  magnetic  moments  and  produce  room  temperature 
magnetic  ordering  [21].  Prior  EPR  measurements  having  a 
broad  peak  at  g  =  2.01  [8]  are  consistent  with  this  explana¬ 
tion.  This  is  consistent  with  the  presence  of  oxygen 
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vacancies  (g  =  1.996),  and  Zn  vacancies  (g  =  2.013).  In  our 
model,  annealing  the  samples  in  oxygen  atmosphere  defi¬ 
nitely  reduces  the  population  of  oxygen  vacancies,  destroy¬ 
ing  long-range  magnetic  order.  Since  our  samples  continue 
to  show  the  n-type  conductivity  after  vacuum  annealing, 
we  also  envisage  that  the  vacuum  annealing  creates  Vo- 
IZn  complexes  that  act  as  a  source  of  the  n-type  conductiv¬ 
ity  and  introduces  zinc  and  oxygen  vacancies  (VZn)  that 
result  in  ferromagnetism. 

4.  Conclusions 

In  summary,  we  have  shown  that  ZnO  films  exposed  to 
swift  heavy  ion  irradiation  with  107 Ag  ions  alters  the  opti¬ 
cal,  electrical  and  magnetic  properties  of  the  films  without 
any  significant  change  in  the  crystal  structure.  In  particu¬ 
lar,  we  report  the  onset  of  room  temperature  ferromagne¬ 
tism  in  the  insulating,  non-magnetic  ZnO  films  following 
swift  heavy  ion  irradiation.  The  process  introduces  large 
amounts  of  lattice  disorder  and  non-equilibrium  point 
defects  as  a  result  of  the  electron-photon  interactions  and 
bond  breaking  that  occurs  during  the  irradiation  process. 
Raman  measurements  revealed  the  appearance  of  two  for¬ 
bidden  modes  B[ow  and  B\lgh  upon  irradiation  due  to  relax¬ 
ation  of  Raman  selection  rules  associated  with  the 
breakdown  of  translational  crystal  symmetry.  The 
observed  changes  in  the  E2lgh,  E2W  and  ^4i(LO)  Raman 
modes  are  consistent  with  the  creation  of  defects,  vacancies 
and  interstitials  in  zinc  and  oxygen  sublattices.  These 
results  establish  a  strong  correlation  between  RTFM  and 
the  presence  of  non-equilibrium  concentrations  of  radia¬ 
tion  induced  defects,  which  are  effective  in  generating  some 
degree  of  3-D  ferromagnetic  ordering.  We  propose  a  mech¬ 
anism  to  explain  RTFM  and  n-type  conductivity  in  ZnO. 
We  conclude  that  the  n-type  conductivity  is  derived  pri¬ 
marily  from  oxygen  vacancy-zinc  interstitial  (Vo-Izn) 
complexes.  Likewise,  zinc  vacancies  (VZn)  give  rise  to  the 
magnetic  moment  with  oxygen  vacancies  forming  bound 
magnetic  polarons  that  couple  these  magnetic  moments 
and  finally  lead  to  long-range  ferromagnetism. 
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